The atomic structure of ultrathin iron films deposited on the (0001) surface of the topological insulator Bi2Se3 is analyzed by surface x-ray absorption spectroscopy. Iron atoms deposited on a Bi2Se3 (0001) surface kept at 160 K substitute bismuth atoms within the first quintuple layer. Iron atoms are neighbored by six selenium atoms at a distance in the 2.4Å range indicating substantial atomic relaxations. Mild annealing up to 520 K leads to the formation of α-FeSe, characterized by a local order extending up to the sixth shell (5.80Å). Ab-initio calculations predict a non-collinear magnetic ordering with a transition temperature of 3.5-10 K depending on the iron concentration and the number of the layers in which Fe is located.
The atomic structure of ultrathin iron films deposited on the (0001) surface of the topological insulator Bi2Se3 is analyzed by surface x-ray absorption spectroscopy. Iron atoms deposited on a Bi2Se3 (0001) surface kept at 160 K substitute bismuth atoms within the first quintuple layer. Iron atoms are neighbored by six selenium atoms at a distance in the 2.4Å range indicating substantial atomic relaxations. Mild annealing up to 520 K leads to the formation of α-FeSe, characterized by a local order extending up to the sixth shell (5.80Å). Ab-initio calculations predict a non-collinear magnetic ordering with a transition temperature of 3.5-10 K depending on the iron concentration and the number of the layers in which Fe is located. 
I. INTRODUCTION
Topological Insulators (TIs) have been under focus in contemporary condensed matters physics research [1] [2] [3] . Although semiconductors in the bulk, they host a gapless, linearly-dispersing state at the surface, which is a consequence of strong spin-orbit coupling. The hallmark of this so-called topological surface state is a helical spin texture that protects surface electrons from backscattering on defects as long as time reversal symmetry is preserved 4, 5 . Such a property makes TIs a unique playground for observation of new effects and apart from the pristine TI surfaces [6] [7] [8] [9] , the TIs covered with various overlayers [10] [11] [12] or adsorbates [13] [14] [15] [16] [17] [18] [19] [20] have also been studied intensely.
In particular, the deposition of magnetic atoms at TI surfaces is of great interest as an approach to study the interplay of magnetism and topological surface state 21, 22 . The onset of an out-of-plane ferromagnetic (FM) order in a system of adatoms at a TI surface is expected to break time reversal symmetry whereupon the topological surface state must split. Such a behavior is confirmed by recent ab initio calculations [23] [24] [25] . However from the experimental side there is an ongoing discussion regarding whether the doping of a TI surface with magnetic atoms leads to an opening of a gap at the Dirac point 16, 18, [26] [27] [28] . While the Dirac point splitting at Bi 2 Se 3 (0001) upon iron deposition was initially reported in [16] , subsequent angle-resolved photoemission spectroscopy (ARPES) studies did not find evidence of the magnetic adsorbate-induced gap opening 18, [26] [27] [28] . Accordingly, magnetic measurements found no evidence of the long-range FM order in the systems of Fe and Co adatoms at the Bi 2 Te 3 29 and Bi 2 Se 3 19,26,30 surfaces (the coverage in the latter case was reaching 0.9 monolayers).
Interpretation of these magnetic and photoemission measurements requires detailed knowledge of the near-surface atomic structure, i.e. localization and distribution of the adsorbate.
These, in turn, depend crucially on such experimental conditions as deposition and annealing temperatures. To date, the low-temperature deposition case without subsequent annealing, when the diffusion below the surface appears hardly probable, is quite well understood for individual iron adatoms on Bi 2 Se 3 (0001). Combined STM and ab initio studies point out the surface hollow sites (fcc and hcp) as the most favorable ones for the iron coverage of ∼0.01 monolayers (ML) 19, 27 This situation calls for a further analysis of the near surface structure of iron-deposited Bi 2 Se 3 (0001). To this end we have carried out x-ray absorption fine structure (XAFS) measurements above the Fe-K-edge, the analysis of which suggests that iron atoms occupy bismuth substitutional sites when deposited at a temperature as low as 160 K. No indication of iron atoms located in the interstitials of the topmost quintuple layer (QL) block or inside van der Waals (vdW) gap is observed. Moreover, we find that annealing up to 520 K for several minutes results in the formation of a local α-FeSe structure. The experimentally obtained structural information is further utilized in a first principles study on magnetic properties of Fe/Bi 2 Se 3 (0001) within the density functional theory.
II. EXPERIMENT

X-ray
Absorption Fine Structure (XAFS) measurements were carried out at the insertion device beamline 20 at the Advanced Photon Source (APS), Argonne National Laboratory (USA) using the MBE1 end station 34 equipped with standard surface analytical tools. The (0001) surface of the single Bi 2 Se 3 crystal was cleaned by mild argon ion sputtering (1 keV) followed by annealing up to approximately 800 K. The surface cleanliness was checked by Auger-electron spectroscopy (AES). No traces of carbon and other impurities were observed.
Subsequently Fe was deposited in situ by molecular beam epitaxy from an iron rod (99.999% Fe) heated by electron bombardment. During deposition and data collection the substrate temperature was kept in the range between 155 and 170 K (designated henceforth as 160 K). The film thickness was estimated by considering the ratios between the AES peak-to-peak intensities of the Fe-LMM (651 eV), the Bi-NOO (101 eV) and the Se-MMM (43 eV) Coster-Kronig transitions.
III. XAFS ANALYSIS
A. Iron on Bi2Se3(0001)
The XAFS experiments were carried out after depositing approximately 0.3 ML iron, above the Fe-K absorption edge (E 0 =7112 eV) in the fluorescent yield (FY) mode using a 4-element Vortex Si-drift detector. Here, and in the following one ML is equal to 6.74×10 14 atoms/cm 2 . Monochromatic x-rays from a Si(111) double-crystal monochromator, with the 7 GeV APS ring operating in top-up mode, were incident on the substrate at approximately 2/3 of the critical angle (α c ≈0.4) for total reflection to avoid errors due to anomalous dispersion effects 35 . The in-plane and out-of-plane Fe atomic environment was investigated (Color online) X-ray absorption spectra for approximately 0.3 ML iron on Bi2Se3(0001) collected using E (red) and E ⊥ (blue) polarizations. Spectra are normalized to the edge jump and shifted for clarity. The inset shows the corresponding k 2 weighted χ(k) functions.
exploiting the polarization dependence of the linearly polarized x-ray beam with the electric field vector aligned either perpendicular (E ⊥ ) or parallel (E ) to the substrate surface. Figure 1 shows the photon energy (E) dependence of the ratio (R) between the FY and the primary beam intensity (I 0 ) normalized to the edge jump. R is proportional to the linear absorption coefficient, µ(E). Red and blue lines correspond to µ(E) collected using the E and E ⊥ geometry, respectively. The k 2 -weighted EXAFS interference functions, χ(k), extracted from the FY data using the program ATHENA 36, 37 are shown in the inset. The χ(k) function is given by χ(k) = [µ(k) − µ 0 (k)]/µ 0 (k), where µ 0 (k) represents the continuous atomic background and k the photoelectron wavevector, which is given by k = 2m(E − E 0 )/ . Direct inspection of both µ(E) and χ(k) clearly indicates the absence of any polarization dependence in the EXAFS signal and the dominance of a single frequency, i.e. of one neighbor shell (see also the Fourier Transform (FT) in Figure 3 , below). Anisotropic surface sites such as the "hcp" or the "fcc" hollow site as well as the selenium substitution or a vdW gap site would involve a strong polarization dependence of χ(k). In consequence they can directly be excluded as will be shown in the following.
The near surface structure of Bi 2 Se 3 is schematically shown in Figure 2 . The Bi 2 Se 3 crystal structure is characterized by a stack of vdW bonded QLs each being composed of a Se-Bi-Se-Bi-Se sequence of layers. Possible localizations of iron atoms (light grey) are labelled by "fcc", "hcp", "gap", (bismuth) "substitutional" and "interstitial". The polarization dependence of the χ(k) function can be calculated by using the expression of the effective coordination number N the absorber which is given by:
in which α ij represents the angle between electric field vector E and the vector between the absorber i and the backscatterer j, where the summation extends over all atoms j of the shell. The effective coordination number N * contributes to the EXAFS amplitude, which is part of the general EXAFS equation:
with backscattering amplitudes F i (k), mean-free-paths (λ i ) and phase shifts δ i (k) generated by the FEFF7-program 38 . The parameter S 2 0 describes the effect the relaxation of the (N-1) 'passive' electrons has on the EXAFS amplitude after the photoelectron is emitted 39, 40 . The remaining parameters, N * i (effective coordination number), R i (distance), and σ 2 i (mean-square-relative-displacement) are available to be fit as will be discussed below. Following equation (1), Table 1 provides an overview of the calculated values of N * for the different adsorption sites. In calculating N * for the "fcc" and the "hcp" sites it was assumed that iron adsorbs at such a height above the surface that the Fe-Se interatomic distance lies close to 2.4Å which is commonly observed for Fe-Se distances such as in bulk α-FeSe (2.38Å) 41, 42 . While for the "fcc" site this gives a quite reasonable second shell Figure 3 . distance of R 2 =3.09Å for the neighboring bismuth atom in the second layer, in the case of the "hcp" site this scenario would involve an unphysical short distance of 1.96Å to the bismuth atom directly underneath. In addition, for both sites a strong polarization dependence of N * would be observed, which is in clear contrast to the experimental observation. Moreover we note that, whenever bismuth would be involved in the backscattering, it would be observable by the strong k-dependence of its backscattering amplitude F Bi (k) characteristic for heavy elements (Ramsauer-Townsend effect). Our model calculations for these sites (not shown) have proven that an additional peak appears in the FT as a consequence of the F Bi (k) modulation.
With the same arguments outlined for the "fcc" and the "hcp" site also the "gap" and the interstitial site can be ruled out. For the former, excluding relaxations the Fe-Se distance is equal to 2.71Å and 2.85Å for the Fe-Bi distance. Also in this site a strong polarization dependence should be observed.
The only adsorption site which fits all observations, as a polarization-independent χ(k) function characterized by a single frequency, is the bismuth substitutional site. Neglecting structural relaxations also for this site, the iron atom is neighbored by two closely spaced shells of selenium atoms at a distance of R 1 =2.87Å and R 2 =3.07Å. For this unrelaxed geometry, there is a small polarization dependence of the effective coordination number (see Table 1 ), which, however, nearly cancels out if the two shells are considered as a single one (N * =5.86 versus N⊥ * =6.29). In summary, from the qualitative analysis it can be concluded that iron atoms substitute bismuth atoms. We suggest that at 160 K deposition temperature substitution takes place predominantly in the top QL, since diffusion across the vdW gap at this temperature appears as kinetically unfavorable.
The qualitative result is confirmed by the quantitative analysis based on curve fitting. Fourier transforms (FTs) of the k 2 χ(k) functions were calculated for each spectrum by using a 20% Gaussian window function in the WinXAS code 44 . The k-range used for the FT integration extends from k min = 3.38Å −1 to k max =11.02Å −1 . Figure 3 compares the magnitudes of the FTs derived for the E (a) and the E ⊥ (b) geometries. The insets show the k 2 weighted χ(k) =0.67 in all cases. Parameters labelled by an asterisk (*) are kept fixed. Two kinds of models were used, one employing a two shell fit, the second using one selenium shell only. Uncertainties are given in brackets. They are estimated on the basis of the variance of the residuum upon variation of the parameter allowing all other parameters to vary. 
functions.
Experimental data are represented by symbols, fitted curves by red lines.
Fitting of the EXAFS data was carried out in real space over a range 1.3 to 2.8Å using model amplitudes and phases generated by FEFF7 implemented in the WinXAS program 44 . This minimizes any influence of multiple-scattering contributions and higher shells leaking into the first peak. The fit results are summarized in Table 2 listing the fit parameters obtained for a two shell (upper panel) and one shell (lower panel) model, respectively. In general, a slightly better fit based on the un-weighted residual (R u ) 43 is obtained for the two shell models. The environment is characterized by a shell of six selenium atoms, where the minimum and maximum distance is equal to 2.39Å and 2.57Å, respectively. The fitted values for the mean squared relative displacement amplitude (MSRD) are about a factor of two larger for the case of the one shell model (σ 2 =0.012Å 2 versus σ 2 =0.006Å 2 ) indicating the dispersion of the neighbor distance. We note that the amplitude reduction factor (S 2 0 =0.67) was derived from an α-FeSe powder sample measured in transmission mode and fitting the first two neighbor shells as outlined below.
Comparison of the fitted neighbor distances and the calculated ones assuming an unrelaxed host lattice (approximately 2.4 to 2.6Å versus to 2.86 and 3.08Å) indicates substantial relaxation of the selenium neighbors of approximately 0.4Å upon bismuth substitution by iron. This is attributed to the smaller size of the iron atom, which manifests itself in a shorter equilibrium Fe-Se bondlength of 2.37Å as in α-FeSe. Previous experimental and theoretical investigations dealing with 3d transition metal (TM) doped Bi 2 Se 3 alloy films are in excellent quantitative agreement with our results [45] [46] [47] [48] . The first principles calculations of Abdalla et al. 46 in general favor the bismuth substitutional site for iron, manganese and chromium over other sites such as the hcp or the fcc site discussed above. In detail for the (bismuth substitutional site) Fe-Se equilibrium distances of 2.54 and 2.82Å are predicted. While these theoretical values are somewhat too large as compared to our results, recent x-ray spectroscopy experiments carried out for chromium doped Bi 2 Se 3 by Liu at al. 48 and by Figueroa et al. 48 have revealed distances between 2.50 and 2.64Å, the latter for a two shell model similar to ours.
In summary, we conclude that there is a strong tendency for iron to replace bismuth which takes place even at 160 K, i.e. well below room temperature which can be seen as the beginning of an interface reaction to form iron selenide. As will be shown below mild annealing induces the formation of a locally ordered α-FeSe-like phase.
B. Thermally annealed Iron on Bi2Se3(0001)
In a second experiment the as-deposited sample was subject to mild annealing up to 520 K for several minutes. XAFS experiments were carried out after the sample was cooled down to 160 K. Upon annealing dramatic modifications of the absorption signal are observed indicating the formation of α-FeSe as outlined in the following. In this context it is important to note that the α-FeSe phase belongs to the class of pnictide superconductors and its structure is the most simple one in this class 41 . Consequently, many attempts have been made to prepare ultra thin films of α-FeSe by molecular beam epitaxy on suitable substrates in order to study its super-conducting properties and to increase the super-conducting transition temperature T C (T C =8 K in bulk α-FeSe) [50] [51] [52] . Our approach to simply anneal a Bi 2 Se 3 crystal covered by an iron film in submonolayer to monolayer thickness range can be seen as a novel and simple technique to prepare the α-FeSe phase. A more detailed discussion will be presented elsewhere 53, 54 . At first we discuss the near edge structure. Figure  4 shows several x-ray absorption near edge spectra (XANES) in the vicinity of the Fe-K-edge. They are labelled by (1) to (6) and are vertically shifted for clarity. Solid lines (1, 2 and 6) correspond to spectra collected is also observed for the features B and C, attributed to multiple scattering from atoms in the vicinity of iron. The spectrum of our annealed sample (6) bears several resemblances with spectrum collected under 4.2 GPa pressure (4). Notably, both spectra show a local minimum (emphasized by arrows) at the high energy side of feature A, which is not present in the spectra of all other samples.
Similarly, feature B has also a maximum at 4.2 GPa (4) similar to that of the annealed sample (6) . At ambient pressure (spectrum 3) and at 11.8 GPa (5) both features A and B are less pronounced. We conclude that annealing of the as-deposited iron film leads to the formation of a local α-FeSe phase which is under considerable compressive strain resulting from coherent epitaxial growth 54 . We also note that regarding peak C some differences exist between the spectra of our samples and those shown in Ref. 49 , where it is less pronounced. A direct comparison between spectrum 2 and 3 corresponding to our bulk powder α-FeSe sample and the reference sample related to ambient pressure, respectively makes this more evident. While we cannot make a conclusive statement about the reasons regarding this discrepancy we may speculate that the powder samples can contain some non-identified phases.
In the next step the full EXAFS spectrum is analyzed. Figure 5(a) shows the absorption spectrum of the sample, while solid symbols in the inset represent the k 2 weighted χ(k) function together with the calculated one (red solid line) based on the fit. The magnitude of the FT in Figure  5 (b) shows many peaks indicating a well defined atomic order at least up to about 6Å around the iron atom. We remind that the experiment was carried out in the E geometry, i.e. the EXAFS is most sensitive to the structure within a FeSe triple layer (TL). The structure of α-FeSe is characterized by TLs consisting of a Se-Fe-Se layer sequence, while the vdW bonded TLs are stacked along [001]. One TL is schematically shown in the inset of Figure 5(b) . From scanning tunnelling microscopy (STM) and surface x-ray diffraction experiments 53 it is concluded that FeSe nanocrystals are formed and embedded into the substrate crystal when ultra thin iron films are deposited on Bi 2 Se 3 (0001) and annealed afterwards. These nanoislands which are up to several hundred nanometers in lateral size exhibit an epitaxial relationship to the trigonal two-dimensional unit cell of the substrate. They grow with their basal planes parallel to the (0001) plane of the substrate crystal and are about three TLs thick on average. The detailed EXAFS analysis indicates that the atomic structure of the annealed sample is close to α-FeSe as Table 3 lists neighbor shells around iron in α-FeSe. The first two columns list the neighbor distance R ) of the i-th shell up to i=6 in the bulk structure, while the rest list the fit results indicated by the subscript FIT.
In order to reduce the number of free fit parameters we have assumed a complete coordination for each shell. The effective coordination number, N * i , as calculated for the E geometry is used for the fit as a constant parameter. Owing to the large size of the α-FeSe nano-islands, the fraction of under-coordinated iron atoms at the island rims is negligible, thus the assumption of a complete coordination appears as justified. Only the distance R i , the MSRD σ 2 i and the energy shift were allowed to vary. Figure 5 (c) schematically shows the environment around an iron atom (here labelled by Fe) within a TL. Numbers 1 to 6 correspond to the neighbor shells according to Table 3 . The fit results are listed on the right. We find that the difference between the bulk and the fitted distance is significant with ∆R=0.07Å only for i=5 (5.27Å in the film versus 5.34Å in the bulk). We note that this shell is the only one which is affected by strong multiple scattering contribution by the intervening iron atom labelled by 2. All other parameters are within the normal range, except that the σ 2 for the third and fourth shell appear as somewhat enhanced as compared to previous EXAFS studies dealing with bulk FeSe 1−x Te x powder samples 45 or the chromium doped films 48 where values in the range between 0.003 and 0.006Å 2 were derived.
IV. THEORY
The structural information obtained in the current experiments is used for further studies of magnetic properties of Fe/Bi 2 Se 3 (0001) from first principles within the framework of the density functional theory. If the structure and the chemical composition of a studied system is known, first principles methods can provide an adequate description for electronic and magnetic structures of real materials.
For our study we have chosen a fully relativistic self-consistent Green function method. 55 In this method, disorder effects are effectively treated by using the coherent potential approximation, which describes uniformly distributed impurities or defects without any short range effects.
56,57
Two scenarios were considered: (i)iron replaces bismuth in the subsurface Bi layer only and (ii) iron replaces bismuth in both bismuth layers within the first QL. The aim of the calculations was to determine the type of iron magnetic ordering and its critical temperature.
In the previous study, 58 bulk Bi 2−x Fe x Se 3 was found to be an anti-ferromagnet (AF) with Neel temperature T N =15 K at x = 0.2. In this case each atomic layer, being AF-ordered, is characterized by a very strong AF intralayer coupling (J 00 1 =-9.02 meV) between the nearest neighbor iron atoms. Here, and in the following J ij ν labels the exchange parameter between first (ν = 1), second (ν = 2) and so on nearest neighbor atoms in the first (i=0,j=0), second (i=1,j=1), or between the first and second bismuth layer (i=0,j=1), respectively (see inset of Figure 6 ).
The interlayer interaction is also negative and not negligible: between the different Bi 2−x Fe x layers within a QL the exchange parameter is equal to J 01 1 =-8.12 meV and even across the vdW gap it is equal to J 02 1 =-2.03 meV and J 02 2 =-3.90 meV 58 . The AF order has its origin in the strong localization of 3d impurity states combined with large exchange splitting.
In the present case, the magnetic structure is different from that of the bulk, since the iron atoms are located in the topmost QL only occupying substitutional sites in either one Bi 2−x Fe x layer (i) or in both layers (ii). The calculated exchange interaction parameters for these cases are presented in =-1.28 meV, respectively. According to the magnon spectrum calculations (not shown) this leads to a non-collinear magnetic structure with the wavevector q = (0.38, 0, 0)Å −1 while the critical temperature T C is equal to 3.5 K, as estimated within the random phase approximation. A collinear AF structure corresponds to q = (0.76, 0, 0)Å −1 . For x = 0.2 we found T C = 6.2 K, but the ordering vector q has not changed.
The situation changes for the case (ii). Here, an AF intralayer coupling exists between the nearest neighbors: J 00 1 =-0.06 meV for the subsurface layer and J 11 1 =-11.53 meV in the second Bi layer (x = 0.2, i.e. 0.1 in each Bi layer). Also, the NN and NNN neighbor interactions retain their negative value (see Fig. 6 ). This increases the tendency to an AF order. However, the strength of the interaction is not sufficient to develop a compensated collinear AF order and the magnetic structure is non-collinear but with the wavevector q = (0.53, 0, 0)Å −1 , i.e. closer to the collinear AF structure. The critical temperature of the structure was determined to be 8.1 K (10 K at x = 0.4 in the QL or 0.2 in each Bi layer). 
V. SUMMARY
In summary we have presented a polarization-dependent EXAFS analysis of the structure of ultrathin iron film of 0.3 ML thickness deposited on the (0001) surface of Bi 2 Se 3 at 160 K. We find that iron replaces bismuth atoms involving a substantial structural relaxation of the order of 0.4Å of the neighboring selenium atoms toward the iron atom. We find a dispersion of Fe-Se distances varying between 2.39 and 2.57Å, which is attributed to the in-equivalence of the nearest neighbor selenium around bismuth atoms sites within a quintuple layer.
No indication of interstitial or intercalated iron atoms has been found. For such a situation, our ab initio calculations predict a non-collinear order with a T C in the range between 3.5 and 10.0 K. Finally, after mild annealing of the as-deposited sample up to 520 K for several minutes the EXAFS analysis gives evidence for the formation of a bulk like α-FeSe-like structure with a local order up to the 6 th shell at a distance close to 6Å.
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